Abstract. Soil moisture is an important component of the hydrological cycle. In the framework of modern flood warning systems, the knowledge of soil moisture is crucial, due to the influence on the soil response in terms of infiltrationrunoff. Precipitation-runoff processes, in fact, are related to catchment's hydrological conditions before the precipitation. Thus, an estimation of these conditions is of significant importance to improve the reliability of flood warning systems. Combining such information with other weatherrelated satellite products (i.e. rain rate estimation) might represent a useful exercise in order to improve our capability to handle (and possibly mitigate or prevent) hydro-geological hazards.
In this study, results achieved for the HYDROPTIMET test cases will be analysed and discussed in detail. This analysis allows us to evaluate the reliability and the efficiency of the proposed technique in identifying different amounts of soil wetness variations in different observational conditions. In particular, the proposed indicator was able to document the actual effects of meteorological events, in terms of space-time evolution of soil wetness changes, for all the analysed HYDROPTIMET test cases. Moreover, in some circumstances, the SWVI was able to identify the presence of a sort of "early" signal in terms of soil wetness variations, which may be regarded as a timely indication of an anomalous value of soil water content. This evidence suggests the opportunity to use such an index in the pre-operational phases of the modern flood warning systems, in order to improve their forecast capabilities and their reliability.
Introduction
In the last few years, remotely sensed observations have been largely used in the framework of hydro-meteorological risk mitigation. Satellite data, in fact, have increasingly become a useful tool for providing hydrological information, including the quantification of the main physical characteristics of the catchment, such as topography and land use (Pultz et al., 1991 and 1997) , and of catchment variables, like soil moisture or snow cover (Scofield and Achtuni, 1996; Ferraro et al., 1996) .
In particular, since the soil response is affected by its status of saturation, the knowledge of soil moisture is very important concerning flood forecast and prevention (Entekhabi et al., 1994 , Wigneron et al., 1998 Walker and Houser, 2004) . Combining information about soil water content with other weather-related satellite products (i.e. rain rate estimation), might represent a useful exercise in order to improve our capability to handle (and possibly mitigate or prevent) hydrogeological hazards. Moreover, besides the warning phase, soil wetness mapping/monitoring is important during the crisis and post-crisis phases as well, allowing a possible timely monitoring of flooded areas and giving the opportunity to take useful damage mitigation decisions (CEOS, 2003) . Besides, soil moisture plays a key role in the hydrological cycle, having a direct influence in many of the processes which occur on the Earth's surface (Entekhabi et al., 1994) .
Many satellite techniques have already been proposed to remotely map flooded areas and to monitor hydrogeophysical parameters like soil moisture. The main advantage of satellite remote sensing is the capability of systematically covering large areas with spatially continuous records.
Traditional satellite techniques for soil moisture monitoring exploit the microwave data advantages, since at these frequencies: i) electro-magnetic radiation leaving the Earth's surface is practically not affected by clouds (in the absence of rain), allowing an "all-weather" capability; ii) the microwave signal is available both during the day and night assuring an "all-time" capability of observing the Earth's surface conditions; iii) thanks to the large contrast between dielectric properties of water and dry soil, microwaves are highly sensitive to the water content in the soil (Eagleman and Lin, 1976; Jackson et al., 1981) .
Notwithstanding the above mentioned importance to have frequently updated and reliable information about soil moisture variations and although a number of satellite techniques have been proposed to this aim, up to now satellite products are not yet routinely used in hydrological models.
The main reason is because, unfortunately, the estimate of soil moisture by means of microwave radiances is strongly affected by surface roughness and vegetation cover, whose contributions may perturb the measured signal, often masking the effects induced by soil moisture changes (Choudhury et al., 1979; Wang et al., 1983; Jackson and Schmugge, 1989; Prigent et al., 1997; Schmugge et al., 2002) .
In specific literature there are many studies providing suggestions to reduce or minimize these effects, often combining data acquired in multi-configuration system (Ahmed, 1995; Paloscia et al., 1993; Njoku and Entekhabi, 1996; Njouku and Li, 1999; Ruf and Zhang, 2001; Kim and Barros, 2002) , or using a large amount of ancillary data (Ahmed, 1995; Choudhury and Golus, 1988; Wang, 1985; Jackson and Schmugge, 1991; Jackson, 1993) . However, ancillary data are often unavailable and the use of data acquired in different configurations is not always possible and it is frequently difficult to achieve (Wigneron et al., 2003) , so that the reduction of the above-mentioned roughness and vegetation effects is only partly achievable.
A new technique for soil wetness monitoring has recently been proposed (Lacava et al., 2005) . It is based on a multitemporal analysis of data acquired from AMSU (Advanced Microwave Sensor Unit) sensor. AMSU is the microwave radiometer aboard NOAA (National and Oceanic Atmospheric Administration) polar satellites, operational since 1998. Currently, it is flying aboard NOAA-15, NOAA-16 and NOAA-17 platforms, and it will also be aboard NOAA-18, which is scheduled to be launched in May 2005 (NOAA-OSD, http://www.oso.noaa.gov/poesstatus/index.asp). The particular configuration of NOAA satellites constellation, with at least two satellites orbiting 6 hours apart, allow us to acquire at least four images per day. This circumstance gives us the opportunity to potentially have frequent information about the space-time variability of soil moisture (at a regional scale), crucial information in order to provide a support in flooding risk management.
The main objective of the HYDROPTIMET project, funded within the Interreg IIIB -Medocc program (http: //hydroptimet.medocc.org), is the better comprehension of the hydro-meteorological phenomena as well as the optimization of the instruments for their forecast, prevention and mitigation, also by integrating different information. In this context, the possibility to assimilate reliable and frequently updated satellite products in flood forecast systems, might represent an unique opportunity.
The new approach proposed, which seems able to overcome the above mentioned problems related to soil roughness and vegetation, has been applied with good results for the analysis of some flooding events which affected European countries in the past (Lacava, 2004; Lacava et al., 2004 and 2005) . In this study, the results obtained by the analysis of the study cases selected within the INTERREG IIIB Medocc "HYDROPTIMET" project will be presented and discussed in a possible operational scenario.
The Advanced Microwave Sounding Unit (AMSU)
Best soil moisture/wetness information is achievable with microwave radiometer acquiring data at L band (Schmugge et al., 1980; Jackson and Schmugge 1989; Entekhabi et al., 1994; Galantowicz et al., 1999; Njoku and Li, 1999.) . At these frequencies, in fact, vegetation is almost transparent; the roughness effects are negligible and the soil water information is more reliable since it comes out from deeper soils (Schmugge, 1998) .
To date, there is no spaceborne sensor measuring the microwave emission of the soil surface at this frequency (Schmugge et al., 2002) , although several new programs are scheduled: the European Space Agency passive L-band Soil Moisture and Ocean Salinity (ESA-SMOS) mission (2007 launch) and the U.S. National Aeronautics and Space Administration active/passive L-band HYDROSpheric states (NASA-HYDROS) mission (2009 launch) are two examples. Therefore, there is an urgent need to adapt other microwave sensors to this application (Jackson 1997 , Paloscia et al., 2001 Jackson et al., 2002; Walker and Houser, 2004) . Working in the framework of hydro-geological risk mitigation, where the critical problem is to follow the rapid variations of superficial conditions, the choice will be addressed towards those satellite sensors which ensure high revisit time (Schmugge et al., 2002) . AMSU satisfies this requirement, besides its spatial resolution is suitable for hydrometeorology and hydroclimatology studies; moreover, it can guarantee a sort of continuity of data dissemination since AMSU-A is already operational aboard EOS-AQUA and it is planned to be carried on the next MetOp (Meteorological Operational Satellite) ESA mission as well.
The Advanced Microwave Sounding Unit is a new generation microwave sensor that consists of two modules: the AMSU-A module includes 15 channels in the 23-89 GHz range with a spatial resolution of 48 km at Nadir, it was primarily designed for temperature soundings of the atmosphere from the surface to about 2 millibar pressure altitude (48 km) (Goodrum et al., 1997) ; the AMSU-B module contains one channel centred at 89 GHz and four channels around the 183.21 GHz water vapour line; it was designed for deriving atmospheric moisture profiles with a spatial resolution of 16 km. AMSU also includes window channels at 23.8, 31.4, 50.3 and 89.0 GHz (channels 1, 2, 3, 15 and 16) to monitor surface features, such as soil moisture.
Many of the algorithms developed for AMSU derive from past experiences acquired with SSM/I (Special Sensor Microwave Imager) (Ferraro et al., 1986 and Teng et al., 1993; Scofield and Achutuni, 1996; Lakshmi et al., 1997; Prigent et al., 1997; Basist et al., 1998 and William et al., 2000) , which is the radiometer aboard DMSP (Defence Meteorological Satellite Program) satellites (Hollinger et., 1997) .
In particular, the relation between surface emissivity and soil water content has been well studied. Primarily, adding water into a soil produces a decrease in the surface emissivity (Lakshmi et al., 1997) , precisely, for the same soil water content, the emissivity is higher for higher frequencies (Prigent et al., 1997) . Specifically, the slope between the low and high frequencies directly responds to the amount of the radiating surface that is liquid water (Basist et al., 1998, and William et al., 2000) .
In the presence of water, in fact, any surface could be viewed as the combination between dry soil and water, being f the fractional amount of water covered area within an AMSU pixel. Then the microwave emissivity of wet soil in each pixel can be calculated as (Basist et al., 1998; Songyan et al., 2000) :
where ε ws , ε ds and ε w are the emissivity of wet soil, dry soil and water. As the fractional amount of wet land increases, the emissivity decreases and its difference between low and high frequencies increases (Basist et al., 1998) . In this sense, a combination of two properly selected window AMSU channels may give us useful information about superficial emissivity variations (Songyan et al., 2000; Grody, 2002 1 ). The problem will be the measuring of the amount of this variation which is actually related to different soil water content, discriminating it from the contributions due to vegetation cover and/or superficial roughness effects.
The Soil Wetness Variation Index (SWVI)
In order to try to overcome (or reduce) the problems related to vegetation and/or roughness effects, a new technique has already been suggested (Lacava et al., 2005) . It is based on a general data analysis strategy, the RAT (Robust AVHRR Techniques - Tramutoli, 1998) approach. This is an automatic change-detection scheme that identifies signal anomalies in the space-time domain as deviations from a normal state that has been preliminarily identified (and usually given in terms of time average and standard deviation) on the basis of satellite observations collected during several years, under similar observational conditions for each image pixel.
When applied to soil wetness monitoring, RAT allows us to overcome all the above mentioned site effects, not only the ones due to surface roughness or vegetation cover, but also the ones due to the presence of permanent water bodies within the instantaneous field of view (IFOV) of the sensor. The same site observed under the same observational conditions (same month of year, same time of day), in fact, is expected to have the same roughness and quite similar vegetation cover, so that the possible emissivity variations observed can mainly be attributed to moisture variations in the soil (Lacava et al., 2005) .
The innovative Soil Wetness Variation Index (SWVI) has been defined as follows:
where: SW I (x, y, t) is a hypothetical soil wetness index defined as the difference (SW I =T 89 GHz −T 23 GHz ) between the radiance (expressed in Brightness Temperature) measured in AMSU channels 15 (at 89 GHz) and 1 (at 23 GHz), respectively. As mentioned above, SW I may provide useful information about surface emissivity variations, but it is unable to discriminate the amount of these variations which are actually related to different soil water content from the ones which are mainly due to vegetation and/or roughness effects. µ SW I (x, y) is the time average of SW I , and σ SW I (x, y) is its standard deviation describing its natural fluctuations, both computed on a selected, multi-annual AMSU imagery data-set composed only from AMSU data, collected during the same month of the year and acquired at around the same hour of the day. Then the SW V I (x, y, t) gives, for each pixel (x, y), the actual SW I excess compared to its unperturbed conditions (SW I (x, y)−µ SW I (x, y)), for place (x, y) and time tof observation, weighed by the normal variability, σ SW I (x, y) of SW I (x, y, t), historically observed for that place (x, y) under similar observational conditions. The site effects, mainly due to surface roughness or vegetation cover as well as to the presence of permanent water bodies within the instantaneous field of view (IFOV), are strongly reduced: the SW V I (x, y, t) index, in fact, is solely sensitive to SW I variations (for each place mainly depending on soil moisture) and not to its absolute value (strongly depending instead also on surface roughness and vegetation cover). We expect, then, that higher values of SW V I (x, y, t) will be associated to a relative increase of soil wetness at each specific location. Moreover, such an approach takes into account all the possible noise effects, including the ones related to navigation and co-location processes or to the system configuration (e.g. different viewing angles, different path lengths, etc.). It is to be expected that all these problems will produce an increase of σ SW I (x, y), and a consequent decrease of SW V I (x, y, t) values which could give us only a much-more selective identification of over-threshold events (Tramutoli, 1998) .
The HYDROPTIMET study cases
The proposed SWVI has recently been tested during several flooding events occurred in Europe in the last few years. In particular, the proposed indicator has been validated within the activity of the HYDROPTIMET project, in the framework of the INTERREG IIIB Medocc program.
Within the HYDROPTIMET project, some different flooding events have been selected as study cases; in Fig. 1 the locations of the selected events are reported. They differ for the temporal length, or for the spatial extension of the area involved as well as for the impact and the damages caused. In the following , the three HYDROPTIMET flooding events will be briefly described (more details are available on the web-site of the project, as well as in other papers of this special issue). -9-10 June 2000, Catalonia (Spain). A "flash flood" affected, on 9th and 10th of June 2000, the Spanish region of Catalonia, in particular Barcelona and the neighboring areas. In some localities 224 mm of rain fell in less than 6 h, causing the Llobregat river and its tributaries to overflow: 5 people died and hundreds were evacuated. Afterwards the precipitation moved towards the south of France on 10th and 11th of June. In particular, the areas which were more involved were the Rhone Alps, the Loire Valley's Coise River, Toulouse and the whole Ariege region. The flood event caused 1 victim and hundreds of evacuees. On 11th, 12th and 13th of June the rains reached the North-East of Italy, especially the Piedmont region where about 220 mm of rain fell, causing enormous damages to the infrastructures and to the road network.
-8-9 Semptember 2002, Cévennes (France). The flood was produced by torrential rains between 8th and 9th of September. In fact, more than 650 mm of rain fell in 24 h over the southern part of France. The banks of the Rhone and some of its tributaries were overcome causing 26 fatalities and thousands of evacuees. The interested cities were Nimes, Orange, Avignon and the neighboring villages.
-14-18 and 23-27 November 2002, Piedmont (Italy). It was a "double" event because it occurred in two subsequent phases: the first one between 14th and 18th of November and the second one from 23rd to 27th of November (stressing the already catastrophic effects produced by the first event). Heavy rains caused the level of rivers, lakes and torrents to grow which overcame their banks leading to the evacuation of thousands of people and enormous damages. During the first meteorological phase, the most hit region was the Lombardy, where about 300 mm of rain fallen in two days. In the second phase the precipitation affected many of the regions located in northern Italy. 
Implementation
In order to apply the proposed approach to these flooding events, the first step was the selection and collection of all necessary AMSU imagery, taking into account the RAT approach prescriptions. For each flood event all the images acquired in the same months of event occurrences (but in different years) have been selected; furthermore, two distinct datasets were selected for each event, depending on the hour of pass. One dataset included all the imagery acquired between 5:00 and 7:00 GMT, while the other one included all the data collected between 15:00 and 18:00 GMT, respectively. Each of these two data-sets consists of about 150 images (30 per year, for 5 years) acquired in the years 1998-2003 excluding, for each dataset, the year which was perturbed by the flooding event to be studied. At the end of the processing phase, we have generated six different data-sets (two for each event). All the about 900 images were processed by means of AAPP software (ATOVS and AVHRR Processing Package), developed by EUMETSAT (Mèteo France document, 1999), co-located in the space domain (cell resolution ∼ =18 km) with a specific developed tool and reprojected in a common geographic projection (Lambert Azimuthal Equal Area) over the Region of Interest (ROI). Subsequently, for both the above described homogeneous datasets and for each of the three selected study cases, the reference fields (time average µ SW I (x, y) and standard deviation σ SW I (x, y)) were generated, at pixel level, for the relevant ROI. As an example, Fig. 2 shows µ SW I (x, y) (on the left) and σ SW I (x, y) (on the right) computed for the first dataset (acquisition time between 5:00 and 7:00 GMT) for the month of September. Note as the SW I natural variability (represented by the σ SW I (x, y) field) is clearly greater over the coasts, where, because of the polar attitude of NOAA spacecrafts, AMSU FOVs include areas with different sea/land ratio each time. However, an anomalous SWVI value still be detected in such an area as well, provided that the deviation of SW I from its expected value (historically observed under similar observational and seasonal conditions in unperturbed periods) is higher than the observed variability.
Finally, by comparing each image of the sequence acquired during the considered flooding event with the relevant reference fields, the SW V I (x, y, t) (Eq. 2) was computed and used to identify fluctuations of soil wetness in the spacetime domain. 
Results
The SWVI maps generated for all the HYDROPTIMET study cases are presented in Figs. 3, 4 and 5. Generally, the areas hit by the flooding events have been analyzed before, during and after the selected events, in order to evaluate the reliability of the proposed index in following the space-time evolution of the flooding as well as in observing possible early signals which may possibly announce the impending flood.
6.1 9-10 June 2000, Catalonia (Spain) Figure 3 reports the maps of SW V I (x, y, t) generated for several days in June 2000 over the ROI; in the figures raining clouds (in magenta) are also shown (wherever they are present), identified by a screening test proposed by Grody et al. (2000) using AMSU data as well. The analysis of the SW V I (x, y, t) maps shows the sudden response (in terms of soil wetness variations) of the soil to the precipitation fallen between 9th and 10th of June in Spain. Particularly interesting are the results obtained on the 9th of June at 17:37 GMT (see in Fig. 3 the magnification of the area within the blue rectangle), where clear positive anomalies in soil wetness (with a maximum value >4) is observed near Barcelona, just over the area hit by the flash flood the day after. It could be viewed as an "early" sign of the wet conditions of the exposed soils which, as a consequence, were no longer capable to soak up further rainfall. In fact, in the map of 10th June it can be observed: i) an extended raining cloud is present on the area, suggesting the presence of a residual tail of precipitation which may mask the surface of the whole area, preventing a reliable and effective detection of anomalous soil wetness conditions (on the map derived at 07:02 GMT); ii) at 17:15 GMT, when the raining cloud moves towards France, a large SWVI anomaly (both in size and intensity) is clearly visible, as a direct consequence of the precipitation fallen during the previous night. In the following days, the effect in Spain decreases (SWVI values are lower as well as the areas involved are smaller) but it is still active in France (with a plain persistence near the area around Nimes) and in Italy, immediately after the raining cloud passage (the event actually moved towards southern France and north-western Italy in those days). After 16 June, the situation returns to a normal state, without any anomalies over the whole investigated area, confirming the reliability and robustness of the indicator also in unperturbed conditions (i.e. low rate of false alarms).
8-9 September 2002, Cévennes (France)
The analysis of the SWVI maps (Fig. 4) shows the presence in the area which will be affected by the flood event, of pixels with anomalous values of SWVI already before the beginning of the main meteorological event, in particular on the 4th and 6th of September. They might be caused by the light precipitation which occurred on the 3rd and 5th of September, confirmed also by the presence, on the maps shown in Fig. 4 , of extended raining clouds over the area (see for instance the map of 3rd of September at 17:14 GMT and both the maps of 5th of September).
Afterwards, for more than 48 h, from the afternoon of 6th of September to the evening of 8th of September, soils appear to be back to normal conditions. The maps of 8th and 9th of September clearly show the presence of heavy raining clouds over the area; as the clouds move, within the zone of Nimes, some SWVI slight anomalies appear. In this case, the time persistence more than the spatial extent and the inten- sity seem to suggest that this increase in SWVI may actually be related to the heavy rains fallen in a few hours. Looking at the figures, in fact, SWVI values between 2 and 3 were observed next to Nimes area for about 24 h (i.e. from 10th of September at 07:14GMT until 11th of September at 06:50GMT). Subsequently, these anomalies disappear and the whole scene seems to return to initial (i.e. unperturbed) conditions.
Although also in this case slight anomalies were observed before the main event, their interpretation as pre-flooding warning signals is harder in this case, because they actually disappear in the maps of the following days, suggesting a quick return of soils to initial conditions. On the other hand, the prompt response of these soils, also to light rains (as the ones fallen on the 3rd and 5th of September), reveals that they are probably very sensitive to precipitation and less efficient to soak up the rain and consequently, more prone to be flooded. In fact, the persistent anomalies observed after the main meteorological event of 8-9 September were localized exactly within the same areas affected by the light, preceding rains. This circumstance, if confirmed by future studies, may open SWVI to different application scenarios, as the support to the definition of flooding hazard maps.
6.3 14-18 and 23-27 November 2002, Piedmont (Italy) In Fig. 5 the SWVI maps generated for this event are presented. The analysis of the time series of such maps still reveals how such an index is capable to recognize the effects of precipitation in terms of soil wetness changes. These effects are clearly explained observing the maps at the end of the two meteorological events: higher and larger values of SWVI are, in fact, clearly observable on the image of 19th of November and on the maps of 27th and 28th of November, just at the end of the main precipitation events, outlining and enforcing the "double" nature of such an event. The return to normal conditions (i.e. unperturbed) is also well documented in this case, as confirmed by the absence of anomalous pixels in the relevant images. The obtained results seem to confirm as the "double" nature of this event might have emphasized the effects. Looking at the maps, in fact, after the 19th of November some slight SWVI anomalies still remain present over the ROI (see for instance maps of 20th, 21st and 24th of November), confirming as over the region the initial conditions were perhaps never completely reached before the beginning of the second precipitation occurrence.
In conclusion, the results seem to confirm the reliability of the proposed technique for the identification of different amounts of soil wetness: SWVI was able to document the actual effects of meteorological events, in terms of spacetime evolution of soil wetness changes, for all the analysed HYDROPTIMET test cases. Moreover, the results obtained suggest the opportunity to assimilate such an index in the pre-operational phases of the modern flood warning systems, in order to improve their forecast capabilities and their reliability.
Conclusions
In this paper, a recently proposed AMSU-based Soil Wetness Variation Index (SWVI), aimed to improve soil wetness monitoring capabilities in the space-time domain and to possibly contribute to hydro-meteorological risk mitigation, has been implemented and tested on the three selected HYDROPTI-MET test cases.
Results achieved seem to demonstrate the efficiency of the proposed indicator in detecting soil wetness variations in the space-time domain, also related to minor precipitation events. Furthermore, the proposed change detection scheme allowed us to overcome (or strongly reduce) site effects, like those connected to the surface roughness or vegetation cover or due to the presence of stable water bodies within the sensor FOV.
The suggested technique reveals its capability to monitor the time evolution of the flooding cycle, being able to follow all the "wet-to-dry" phases of the considered events. Moreover, the analysis carried out in this paper confirms the reliability of this method, as no "false positive" indications have been recorded during all the considered periods and over the study areas.
In particular, results obtained for the Spanish case in June 2000 show deviations from the "normal behavior" (in terms of soil wetness) of investigated soils a few days before the beginning of the main meteorological event which caused the flooding phase within the study area. Such a result suggests the possibility to employ the SWVI as a further parameter to be used in the predicting chain devoted to the mitigation of hydrological risk. When intense precipitation are forecasted, in fact, the knowledge of soil wetness conditions could be used to better define the hazard scenarios and the alert state of the involved area. Moreover, thanks to the NOAA satellites constellation, the possibility of a SWVI updating every six hours, allows us a near-real-time monitoring of soil wetness, making it a useful tool also in the nowcasting phase. Furthermore, the supposed efficiency of SWVI to identify and map soils which, by composition, geology, location, etc. might be more prone to flood occurrence than others, deserves further investigation to be validated in order to assess the potential of such an indicator to the definition of flooding hazard maps.
Finally, because of the complete independence from the specific satellite platform, such a technique could be easily exported to the new generation of satellite microwave sensors, with improved performances, like the present AMSR-E aboard EOS-Aqua and the incoming MIRAS aboard the next ESA mission SMOS.
